T he widespread and highly efficacious use of recombinant human erythropoietin (rhEPO) for the treatment of EPOdeficient anemias reflects a triumph of biotechnology. As a typical member of the cytokine superfamily, EPO also performs other functions. Recently, EPO has been identified as an important endogenous mediator of the adaptive responses of tissues to metabolic stress, primarily by limiting the extent of injury. For example, EPO synthesized by hypoxic astrocytes may mediate the protective phenomenon of preconditioning in the nervous system in which exposure to a brief, nontoxic episode of ischemia dramatically increases the resistance of neurons to subsequent insults (1) (2) (3) .
Given the large size of rhEPO, it was initially surprising to discover that rhEPO administered peripherally readily penetrates the blood-brain barrier and effectively reduces brain injury after insults (4) . Additional evidence has also shown widespread efficacy of rhEPO in injury models of the spinal cord (5, 6) , retina (7) , and the heart (8) . Mechanistically, EPO acts in a coordinated fashion at multiple levels, including limiting the production of tissue-injuring molecules [e.g., reactive oxygen species and glutamate (9) (10) (11) ], reversal of vasospasm (12, 13) , attenuation of apoptosis (5, 10, 14, 15) , modulation of inflammation (4, 16) , and recruitment of stem cells (17) . A recent clinical trial supports the relevance of these animal models for human disease by demonstrating significant improvement in outcome of stroke patients who were administered rhEPO intravenously within 8 h of the onset of symptoms (18) .
Animal models have demonstrated that single doses of rhEPO are remarkably effective for the treatment of acute injury (4) (5) (6) 19) . Many clinical situations, however, will likely require multiple doses of rhEPO, which will lead to potentially harmful increases in the red cell mass. For example, animal models clearly show that EPO-dependent increases in hematocrit can cause and amplify brain injury (20) . Pharmacological doses of rhEPO also stimulate the production of hyperreactive platelets (21) that can predispose to thrombosis (22) , especially in the setting of injury. This potential complication of rhEPO therapy is relevant for humans as well (23, 24) , because thrombotic events have been observed in the setting of ''blood doping'' by athletes (25) . These considerations temper enthusiasm for rhEPO as a tissue-protective agent. Clearly, molecules retaining the beneficial tissue-protective actions of EPO, but not stimulating the bone marrow, are desirable.
One distinguishing feature between erythropoiesis and neuroprotection is that effective production of red cells requires the continuous presence of EPO, whereas a brief exposure is sufficient for neuroprotection in vitro (26) . We reasoned that if neuroprotection is activated after a brief exposure to EPO, then a short-lived EPO could be translocated into tissue beds to initiate neuroprotection through EPO receptor (EPO-R) activation, but yet not survive long enough within the circulation to stimulate erythropoiesis. To produce a short-lived EPO, we completely removed the sialic acids that delay clearance in vivo (27, 28) . In this article, we show that systemically administered asialoerythropoietin (asialoEPO) does not increase erythrocyte mass, yet is fully protective in animal models of stroke, spinal cord injury, and peripheral neuropathy.
Materials and Methods
Preparation and Characterization of AsialoEPO. The sialic acid of rhEPO (Dragon Pharmaceuticals, Vancouver) was removed by digestion with neuraminidase isolated from Streptococcus sp. 6646K (Seikagaku America, Rockville, MD, no. 120050). The reaction was performed at 37°C, pH 6.8, for 3 h using 0.05 units of enzyme per mg of rhEPO. The product (asialoEPO) was purified by anion-exchange chromatography and the homogeneity was confirmed by isoelectric focusing gel analysis. The final sialic acid content was determined according to the European Pharmacopoeia (51) method and acid hydrolysis followed by high-performance anion-exchange chromatography with pulsed amperometric detection (Dionex).
For practical reasons, rhEPO and asialoEPO were considered to be of equivalent mass for dosing, as the sialic acid content accounted for Յ8% of the total weight of this Ϸ34,000-Da protein. Concentrations are expressed as molarity instead of units, as asialoEPO exhibits no erythropoietic activity in vivo. One international unit of erythropoietic activity is equal to Ϸ8 ng of rhEPO protein.
For binding assays, asialoEPO and rhEPO were radiolabeled according to a standard protocol by using chloramine T as described (29) . The radioligand activity corresponded to Ϸ50 Ci͞g (1 Ci ϭ 37 GBq) with 50% bindability. Soluble Fc-EpoR fusion constructs (5 pM; R & D Systems), 4 pM radioligand, and graded concentrations (0-10,000 pM) of unlabeled EPO or asialoEPO were incubated for 30 min at 22°C in 100 l of PBS before the addition of 100 l of PBS with a 0.25-mg scintillation proximity assay (SPA) polyvinyl toluene protein A reagent (Amersham Pharmacia Biosciences, Amersham, U.K.). This reaction was incubated for an additional 2 h before luminescence recording by a scintillation counter.
Erythroleukemic UT-7 cells (30) were obtained from Deutsche Sammlung von Mikroorganismen und Zellkulturen (Braunschweig, Germany, no. ACC137). The assay of EPO derivatives was performed as described (31) over a 48-h period, and using WST-1 reduction (Roche Diagnostics, no. 1 644 807) to quantitate living cells. Signal-to-noise ratio of the assay was 8:15, and the half-maximal effective concentration of EPO variants was determined by a four-parameter-fit from concentrationresponse curves by using at least six drug concentrations. The P-19 survival assay was performed exactly as described (15) . PC-12 cells were differentiated in the presence of nerve growth factor (NGF) and cell death was triggered by NGF withdrawal. EPO variants were used in this assay as described (32) and were present 24 h before and during the withdrawal period. For viability assessment the reduction of thiozole salts was used.
Animal Protocols. All procedures involving animals were approved by the animal research committees at each respective Institution and conducted in compliance with international laws and policies (33) (34) (35) (36) .
Pharmacokinetic Determination of Plasma and Cerebrospinal Fluid
(CSF) Concentrations. CSF samples were obtained from male Sprague-Dawley rats by a needle placed into the cisterna magna using the methodology of Frankmann (37) . Plasma half-life was determined from blood samples drawn serially from a catheter implanted in the carotid artery in awake Sprague-Dawley rats. After i.v., i.p., or s.c. administration of 44 g͞kg of body weight (bw) of asialoEPO͞rhEPO, timed blood samples were collected with an Accusampler (Dilab, Lund, Sweden) over a 20-h period. AsialoEPO concentrations were determined by enzyme-linked immunoabsorbance assay kits (R & D Systems and ImmunoBiological Laboratories, Hamburg, Germany). Extensive evaluation confirmed that the antibodies used in these kits identified asialoEPO and rhEPO with equal sensitivity. The lower limit of quantification was 1.0 pM.
In Vivo Autoradiography. NMRI mice were injected i.v. with 100 g͞kg radioiodinated asialoEPO, and after 4 h the animals were perfused with PBS͞heparin. The brains were removed, frozen on dry ice, and cryosectioned (20 m). For cellular localization of radiolabel, slides were dipped in photographic emulsion and were exposed for 5 weeks before development.
Hemoglobin Responses to Repeated Doses of AsialoEPO in Vivo.
The response of the bone marrow to asialoEPO versus rhEPO was assessed by repeated parenteral administration of equal doses of asialoEPO or rhEPO to BALB͞c or C3H͞hen female mice. Serum hemoglobin concentrations were determined by a hemoglobinometer using blood (Ͻ50 l) withdrawn from the orbital sinus once weekly under isoflurane anesthesia. Animals were not iron supplemented.
Focal Ischemia Model. Ischemic stroke within the distribution of the middle cerebral artery (MCA) was produced as described (4) . Briefly, under isoflurane anesthesia the ipsilateral carotid was ligated and the MCA was permanently occluded just distal to the bifurcation of the MCA into the rhinal artery. To produce a reversible ischemic event, the contralateral carotid was nontraumatically occluded for 90 min and then released. AsialoEPO was given intravenously with respect to the time of reperfusion at the dosages indicated in the text. The core temperature was maintained at 35-37°C until full recovery from anesthesia. Infarct volume was determined 24 h later by quantitative image analysis of tetrazolium salt-stained 1-mm slices of brain as described (4) .
Spinal Cord Compression. Spinal cord compression was performed under controlled core temperature (35-37°C) using an aneurysm clip (53-g closing force) applied for 1 min at thoracic level 3, avoiding compression of the paravertebral arteries as described (6) . Animals subsequently received either three daily doses of asialoEPO, rhEPO (both at 10 g͞kg of bw i.v.) or saline, and biweekly doses thereafter. Motor function of lesioned animals was evaluated in a blinded fashion by using the methodology of Basso and colleagues (38, 39) . Three days after injury, five animals from each group were killed and the spinal cords were removed and fixed in formalin for histological analysis. Paraffin embedded tissue was sectioned (6 m) to determine the extent of injury at the following five distinct levels: the lesion epicenter, 1 cm above and 1 cm below the epicenter, and the cervical and lumbar enlargements. Specimens were stained by using antiNeuN (Chemicon, Temecula, CA), an indicator of living neurons (40) . Surviving neurons within gray matter (i.e., histological characteristics of normal structures and presenting clear immunoreactivity for NeuN) were counted in each section. The results of neuronal counting in five randomly selected sections were averaged.
Sciatic Nerve Compression. Sprague-Dawley rats (250-350 g) were anesthetized by using isoflurane and their core temperature was maintained at 35-37°C. Electrophysiological function of the sciatic nerve was assessed by recording compound muscle action potentials (CMAPs) at supramaximal stimulation (3 Hz, duration of 0.1 msec) delivered by means of stainless steel electrodes at midthigh. Two gold-plated balls (2-mm diameter) 1 cm apart were used for recording with the anode at the belly of the gastrocnemius muscle and the cathode at midtendon 6 mm from the calcaneus. CMAPs were acquired over 64 stimulations and were then averaged for five independent placements of the recording electrode. After recording of baseline CMAP, the left sciatic nerve was exposed at midthigh and an aneurysm clip (53-g compression) was placed around the sciatic nerve for 2 min. Either 24 h or 15 min before (pretreatment) or immediately after the release of compression (posttreatment), a single dose of asialoEPO, rhEPO (both at 50 g͞kg of bw), or saline was administered intravenously and the surgical incision was closed. After drug administration, the CMAP was redetermined and, thereafter, was obtained successively over the next several weeks.
Neurological function was performed in a blinded fashion by averaging three determinations of rear foot toe splaying (the sciatic static index) according to the methodology of Bervar (41) . In this assay, 0 is normal and negative scores indicate motor weakness.
Data Analysis. Statistical analysis was performed using ANOVA or by Student's t test where appropriate. Comparison of motor function over time was accomplished by a repeated measures analysis. Counts of surviving neurons in the spinal cord sections were compared by the Kruskal-Wallis one-way ANOVA by ranks. In vitro experiments were repeated in at least three independent preparations with essentially similar results.
Results
In Vitro Characterization of AsialoEPO. The asialoEPO obtained by enzymatic conversion of rhEPO with sialidase contained Ͻ0.02 sialic acids per molecule and migrated as one homogeneous band at pI Ϸ8.5. In contrast, the isoforms of rhEPO migrated at pI 3.3-4.5 (sialic acid content typically 10-14 per molecule; data not shown). Bioactivity of the final reaction product was verified by proliferation assays in TF-1 (data not shown) and UT-7 cells (Table 1) where the compound was found to be equipotent with rhEpo. The binding affinity to pure EpoR-Fc constructs was also in a similar range as that of rhEpo (Table 1) . Bioactivity in neuronal-like cells was assessed by using P19 and PC-12 cells, in which asialoEPO protected from serum (P19) or NGF (PC-12) withdrawal to a similar extent (Table 1) .
Pharmacokinetics. Intravenously injected asialoEPO exhibited a predominant plasma half-life of 1.4 min ( Table 1 ) and was below the lower limit of quantification in the systemic circulation within 1-2 h, in contrast to rhEpo with a plasma half-life of Ϸ5.6 h. Administration of asialoEPO by i.p. or s.c. routes gave rise to effective plasma half-lives of 0.5 and 2.5 h, respectively. Asialo-EPO appeared promptly in CSF after i.v. or i.p. injection and concentrations sufficient to bind appreciably to the EpoR (0.5-30 pM range) were reached. The maximum CSF concentrations followed the plasma peak with a delay of 30-60 min, depending on the plasma kinetics profile of different routes of administration (data not shown). Brain tissue penetration of asialoEPO was followed by using radiolabeled compound. Histological localization of the radiolabel after injection of 125 IasialoEPO showed a specific neuronal pattern, e.g., in the hippocampus (see Fig. 6 , which is published as supporting information on the PNAS web site, www.pnas.org), similar to the one observed with 125 I-rhEpo (data not shown) or by immunohistochemical localization of the EpoR (14, 42, 43) .
Effect of AsialoEPO on the Serum Hemoglobin Concentration.
A wide range of asialoEPO dosage regimens was explored, none of which affected hemoglobin concentrations. For example, i.v. injection of asialoEPO from 10 to 500 g͞kg of bw every 3 days was equivalent to saline (Fig. 1A) . In contrast, rhEPO exhibited a pronounced dose-dependent effect (data not shown). Because asialoEPO persists longer in the plasma when given i.p., this regimen was also tested for changes in hematocrit. Administration of asialoEPO (50 g͞kg of bw i.p.) twice weekly did not effect hemoglobin concentration (Fig. 1B) . In contrast, equivalent doses of rhEPO raised the hemoglobin concentration as expected.
Focal Ischemia. In pilot experiments, asialoEPO administered as a single dose i.p. was equipotent with rhEPO in reducing damage in a MCAO model of cerebral ischemia in the range of 5-50 g͞kg of bw (data not shown). In further experiments, asialo-EPO was then tested after i.v. administration, i.e., the protocol resulting in the shortest possible plasma half-life. AsialoEPO given as an i.v. bolus (44 g͞kg of bw) at the restoration of blood flow (i.e., 90 min after occlusion) reduced infarct volume by Ϸ50% (P Ͻ 0.01) at 24 h (Fig. 2) , similar to rhEPO (data not shown). Thus, the presence of EPO-like activity in plasma for only a few minutes can elicit neuroprotection.
Spinal Cord Compression. Both asialoEPO and rhEPO administered (10 g͞kg of bw i.v.) for the first 3 days after spinal cord compression, and biweekly thereafter, were associated with an immediate and equivalent improvement of motor function in contrast to saline ( Fig. 3 ; P Ͻ 0.001). The histological finding after 3 days differed strikingly between the groups. Notably, asialoEPO administration was associated with a restriction of injury to the epicenter alone, with nearly normal architecture both above and below (Fig. 4A) . In contrast, the saline-treated group exhibited extensive cytoarchitectural disruption and edema (Fig. 4A) throughout the cord. The histological appearance of the white matter remained normal in asialoEPO-treated animals, consistent with their superior motor scores. Finally, the number of surviving (NeuN-positive) neurons was significantly higher in the asialoEPO-treated rats (P Ͻ 0.05) compared with the saline group (Fig. 4B) .
Sciatic Nerve Crush Model. Saline administration after sciatic nerve compression was associated with decreased motor function as assessed by the sciatic static index and CMAP amplitude, reaching a nadir 2-4 days after injury (Fig. 5 ) and normalizing by 3-4 weeks. AsialoEPO administered 15 min before or immediately after the release of compression reduced the degree of injury compared with saline control. (P Ͻ 0.01; Fig. 5A ). Additional study was undertaken to define better the onset of neuroprotection. In one experiment, a single dose (50 g͞kg of bw) of asialoEPO or saline was administered 24 h or 15 min before nerve compression. The immediate postcompression CMAPs (day 0, Fig. 5B ) recorded exhibited less functional loss (P Ͻ 0.05) for asialoEPO pretreatment (Fig. 5B) . Similar observations were obtained with motor score testing, with the asialoEPO animals exhibiting significant improvement at the earliest time points evaluated (data not shown).
Discussion
Fully desialated rhEPO was prepared, and as reported (27, 28) , disappeared very rapidly from the systemic circulation after i.v. injection. As anticipated, the affinity for EPO-R was similar to that of rhEPO when examined by using a variety of in vitro systems. Despite its short plasma half-life, asialoEPO appeared promptly within the CSF at concentrations within the in vitro neuroprotective range. In vivo autoradiography, performed by using sections obtained 4 h after administration of radioiodinated asialoEPO, confirmed that i.v.-administered drug actually reaches hippocampal and cortical neurons, typical cells expressing EPO-R in the normal brain. The anatomical pathway from the circulation across the blood-brain barrier to the labeled neurons visualized has not been established, but could involve the specialized glial cells that ensheath the capillaries (4).
Because of a short plasma survival of asialoEPO only a small proportion of the erythrocyte precursors are committed to enter the erythrocyte pool. Administration of asialoEPO, therefore, never increased hemoglobin concentration. Although it is inevitable that some erythrocyte precursors are recruited into the circulating pool, modulation of endogenous EPO concentrations (i.e., transient suppression) will tend to maintain red cell mass at the systemic set point. Although not directly assessed, similar kinetics for thrombocyte maturation (44) (45) (46) imply that asialoEPO would not appreciably increase the fraction of reactive platelets within the circulation.
Based on the observed transfer of asialoEPO into the brain, it is no surprise that asialoEPO is effective in the treatment of a variety of neurological injuries. The very brief duration of its action supports the concept of a triggering of neuroprotection, as has been suggested by in vitro models (26) . The similar efficacy of asialoEPO and rhEPO observed in the stroke model confirm that only a very brief exposure is required to initiate a gene expression program (e.g., antiapoptosis) in vivo as well.
Longer followup periods of the stroke model will be necessary to determine whether late differences (i.e., other than effects on early apoptosis) exist and can be effected by additional exposure to asialoEPO. However, three consecutive daily doses of asialoEPO are as efficacious as rhEPO in the spinal cord compression model, because spinal cord injury occurs in distinct temporal phases that span several weeks (47, 48) . The first is acute in onset (hours) and represents the immediate reaction to direct tissue injury, including cellular necrosis, hemorrhage, ischemia, and free radical formation. Histological evaluation shows that asialoEPO markedly attenuates this phase. Secondary injury occurs later (8-14 days) during which time axonal dysfunction becomes permanent because of the programmed cell death of oligodendrocytes. The observations reported here favor a model wherein primary and secondary injury are causally related. Thus, modulation of the primary injury phase profoundly affects the secondary phase, without need for additional therapy. Further experiments will be necessary to determine whether a later administration of asialoEPO (such as in a multiple dosing regimen) further improves motor recovery, such as might happen if asialoEPO is also effective at preventing the delayed oligodendrocyte apoptosis. The sciatic nerve model also supports the relevance of a triggering mechanism by EPO. However, the immediate protective effect of treatment in the sciatic neuropathy model shown by the 15-min pretreatment protocol cannot be explained by an effect on gene expression, but may reflect maintenance of vascular autoregulation, as has been reported for experimental subarachnoid hemorrhage (40, 49) . Further, an immediate difference in function for asialoEPO-treated animals despite disruption of axoplasm suggests that secondary causes, such as edema formation, are also likely reduced. Further study is needed to evaluate these possibilities. It has been reported that the sciatic nerve expresses very high levels of EPO-R (50). Since EPO-R expression is up-regulated after injury (50) , postinjury treatment paradigms may yield additional interesting results.
Identification of a tissue-protective erythropoietin derivative with a brief plasma half-life potentially offers important advantages over rhEPO and would allow for multiple or chronic dosing strategies in neurodegenerative and other diseases. Another approach is to develop molecules that differ in mediating classical erythropoietic functions as compared with tissue-protective actions. Efforts to produce and validate candidate drugs that would constitute initial members of such a class of tissue-protective therapeutics may yield interesting results.
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